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ABSTRACT: Appl icat ion of integrated Chesapeake Bay models of the ai rshed, watershed, and estuary support
ai r and water ni t rogen cont rols in the Chesapeake. The models include an ai rshed model of the Mid-At lant ic
region which t racks the est imated atmospheric deposi t ion loads of ni t rogen to the watershed, t idal Bay, and
adjacent coastal ocean. The three integrated models allow t rack ing of the t ransport and fate of nit rogen ai r
emissions, including deposi t ion in the Chesapeake watershed, the subsequent uptake, t ransformat ion, and
t ransport to Bay t idal waters, and thei r ul t imate influence on Chesapeake water qual i ty. This ar t icle descr ibes
the development of the ai rshed model, i ts applicat ion to scenarios support ing the Chesapeake Total Maximum
Dai ly Load (TMDL), and key findings from the scenarios. Key findings are that the atmospheric deposi t ion loads
are among the largest input loads of ni t rogen in the watershed, and that the indi rect nit rogen deposi t ion loads
to the watershed, which are subsequent ly delivered to the Bay are larger than the di rect loads of atmospher ic
nit rogen deposi t ion to Chesapeake t idal waters. Atmospher ic deposit ion loads of nit rogen deposi ted in coastal
waters, which are exchanged with the Chesapeake, are also est imated. About half the atmospher ic deposi t ion
loads of ni t rogen originate from outside the Chesapeake watershed. For the fi rst t ime in a TMDL, the loads of
atmospher ic ni t rogen deposi t ion are an explici t par t of the TMDL load reduct ions.
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INTRODUCTION

The U.S. Environmental Protect ion Agency (USEPA)
has established the Chesapeake Bay Total Maximum
Dai ly Load (TMDL), which is a historic and compre-
hensive watershed restorat ion plan with r igorous

accountabil i ty measures to restore clean water in the
Chesapeake Bay and in the region’s st reams and riv-
ers. In the Chesapeake TMDL, reduct ion in nit rogen
and phosphorus nut r ient loads are cent ral to restor-
ing water quali ty, and allocat ions of these loads to
specif ic Chesapeake watershed jurisdict ions and
basins were developed. Key measures of Chesapeake
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water quali ty and restorat ion are the l iving resource-
based water qual i ty standards of dissolved oxygen,
chlorophyll, and water clar i ty (USEPA, 2003a, b, c,
2004, 2007, 2010a). According to model analyses, the
nut r ient and sediment allocat ions, if at tained, would
reduce pollutant loads sufficient ly to achieve al l Ches-
apeake water qual i ty standards. Included in the allo-
cat ion was a specif ic allocat ion of atmospher ic
nit rogen loads to t idal waters.

Quant if icat ion of the deposi t ion loads to the Chesa-
peake began with assessments of key oxidized (NOx)
and reduced (NH3) loads in both wet and dry deposi-
t ion (Fisher et al., 1988; Tyler, 1988; Fisher and
Oppenheimer, 1991; Hinga et al., 1991). In the case of
the open waters of the t idal Chesapeake and
watershed, organic ni t rogen deposi t ion also needs to
be considered (Knap et al., 1986; Scudlark and
Church, 1993; Neff et al., 2002), par t icular ly in the
case of l inkage to the mass balance watershed model
(Shenk and Linker, this issue) and estuary model
(Cerco et al., 2010; Cerco and Noel, this issue) in
which al l est imated nut r ient input loads are included.
Est imates of coastal ocean loads of nit rogen deposi t ion
(Howarth et al., 1995; Howarth, 1998; Paer l et al.,
2002; Fennel et al., 2006) are considered in the Chesa-
peake TMDL as wel l, and were handled through
adjustment of the ocean concent rat ion boundary con-
di t ion in the estuarine model (USEPA, 2010b).

Bui lding on the nit rogen deposi t ion research and
extensive monitoring data in the Chesapeake region
are state-of-the-ar t integrated models of the ai rshed,
watershed, and estuary. The integrated models al low
tracking of the t ranspor t and fate of ni t rogen ai r
emissions, including deposit ion in the Chesapeake
watershed, the subsequent uptake, t ransformat ion,
and t ransport to Bay tidal waters, and thei r ul t imate
influence on Chesapeake water qual i ty.

The work provides an example of the integrat ion of
ai r and water cont rols in a large aquat ic ecosystem in
the United States (U.S.) (Figure 1). For the f i rst t ime
in a TMDL, the loads of atmospher ic ni t rogen deposi-
t ion are an expl ici t al located load in the Chesapeake
TMDL. In determining the allowable loading from air
deposi t ion, USEPA separated the nit rogen deposi t ion
into two discrete parcels. The fi rst is deposit ion occur-
r ing on the land and nont idal waters which is subse-
quent ly t ranspor ted to the Bay, also called indi rect
deposi t ion. The second is atmospher ic deposi t ion
occurr ing di rect ly onto the Bay’s t idal surface waters,
also cal led di rect deposit ion. The ni t rogen TMDL al lo-
cat ion given to the USEPA is 7.1 mill ion kg per
annum for atmospheric deposi t ion of total nit rogen
di rect ly deposi ted to the t idal waters of the Chesa-
peake. Reducing current ni t rogen deposit ion loads to
achieve the al locat ion wi l l be accomplished through
nat ional programs of NOx emission reduct ions.

Atmospher ic deposi t ion loads are among the larg-
est input loads of ni t rogen in the watershed and
indi rect ni t rogen deposi t ion loads to the watershed,
which are subsequent ly delivered to the Bay, are lar-
ger than the di rect loads of atmospheric ni t rogen
deposi t ion to Chesapeake tidal waters. Atmospher ic
deposi t ion loads of ni t rogen deposi ted in At lant ic
coastal waters adjacent to the Bay, which are
exchanged with the Chesapeake, are also est imated.
About half the atmospheric deposit ion loads of
ni t rogen originate from emission sources outside the
Chesapeake watershed (USEPA, 2010b).

The 7.1 mil l ion kg TMDL allocat ion of di rect nit ro-
gen deposi t ion to the t idal waters is an expl icit al lo-
cat ion that is quant ified and t racked in two-year
mi lestones. On the other hand, the loads of atmo-
spher ic deposi t ion to the watershed, i.e., indi rect
deposi t ion are considered to be a reference al locat ion
that is implicit ly quant if ied as one of the loads to the
watershed along with point source, manure, fer t i l izer,
and sept ic system loads. A reference allocat ion as it
is defined here is not a specif ic legally binding TMDL
allocat ion, but is an agreed to reduct ion in the water-
shed’s indi rect atmospheric deposi t ion loads of nit ro-
gen that al lows the states to build thei r programs of
point source and nonpoint source cont rols upon in order
to achieve the nut r ient al locat ion. In effect, i t takessome
of the TMDL load burden off state point source and non-
point source programs and places it on programs of
national emission reductions in NOx and the expecta-
t ions of the future indi rect atmospher ic deposit ion
reduct ion brought about by the Clean Air Act. As
described by Birch et al. (2011), cont rol of atmospheric
deposi t ion loads in eut rophiccoastal watershedshas the
advantageof efficiency in lower total cost when consider-
ing al l ecosystems and human heal th because nit rogen
reduct ionsoccur higher in the ni t rogencascade.

The reference al locat ion ai r load is t racked in
the integrated Chesapeake Bay Program (CBP)
models, specifical ly by the ai rshed and watershed
models. If there are any reductions in the refer-
enced ai r al locat ion brought about by addit ional
nat ional emission reduct ions, the addi t ional reduc-
t ions are passed on to the CBP state par tners and thei r
watershed point source or nonpoint source cont rols can
be eased by amounts corresponding to the new refer-
ence ai r reduct ions, using the met ric of delivered loads
to the Bay.

METHODS

The CBP airshed model is a combinat ion of
a regression model of wet deposi t ion (Gr imm
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and Lynch, 2000, 2005) and for est imates of dry
deposi t ion, a cont inental scale Community Mult iscale
Air Quali ty (CMAQ) Model applicat ion, wi th North
America as the model domain (Dennis et al., 2007;
Hameedi et al., 2007). The regression and determinis-
t ic ai rshed models that provide atmospheric deposi-
t ion input est imates, have gone through a series of
refinements, with increasingly sophist icated models
of both appl ied over t ime (Gr imm and Lynch, 2000,
2005; Linker et al., 2000; Lynch and Grimm, 2003).
The amount and timing of the wet atmospheric depo-
si t ion input in the Chesapeake watershed model is
hourly because of the need to get high flow and nut r i-
ent loads in storms correct ly simulated. The dry depo-

sit ion est imates are monthly constants that are input
dai ly and are based on CMAQ (Dennis et al., 2007;
Hameedi et al., 2007). The ai rshed model t racks the
ni t rogen deposi t ion load and the progress made
toward reducing NOx nit rogen deposi t ion to reach the
7.1 mill ion kg per annum allocat ion.

Regression Model of Wetfal l Deposi t ion

Wet deposi t ion is simulated using a regression
model developed by Grimm and Lynch (2000, 2005;
Lynch and Grimm, 2003). The regression model
provides hourly wet deposi t ion loads to each land

FIGURE 1. The Chesapeake Bay Watershed with the State Boundar ies of New York, Pennsylvania, Maryland,
West Virginia, Delaware, and Virginia Shown as well as the Major Rivers and Cit ies in the Watershed.
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segment based on each land segment’s rainfal l. The
land-segment gr id is shown in Figure 2 and described
in Shenk and Linker (this issue). The regression
model uses single-event precipitat ion chemist ry data
from 29 National Atmospher ic Deposit ion Program/
Nat ional Trends Network (NADP/NTN) monitoring
stat ions and 6 AIRMoN stat ions (which use the same
methods as NADP, but col lect single storm wet deposi-
t ion events) to produce local est imates of wetfal l
inorganic nit rogen deposit ion across the ent i re Chesa-
peake watershed dur ing the ent i re simulat ion period
from 1985 to 2005 (Figure 2). The NADP/NTN and
AIRMoN are specif ical ly designed to measure ammo-
nium and nit rate wet deposi t ion.

To improve the accuracy of the regression est i-
mates over previous regression analyses (Linker

et al., 2000), a number of improvements in the sam-
pl ing and representat ion of spat ial and temporal pat-
terns of land use act ivit ies and intensi t ies and of
emission levels were made. Also, detai led meteorolog-
ical data were assimi lated into the regression model
to ident ify cont r ibut ing emission source areas and to
est imate the impact of those cont r ibut ions on daily
deposi t ion rates on a per-event basis.

This version of the regression model included 10
addi t ional NADP/NTN si tes in the regression est i-
mates (DE99, MD07, MD08, MD15, MD99, PA47,
VA10, VA27, VA98, and VA99) that were placed in
operat ion in and around the Chesapeake Bay
watershed since 2001. The sites provided a more
complete representat ion of agricul tural influences
than the stat ion set used in the ear lier analyses.

FIGURE 2. Locations of the 29 Nat ional Atmospher ic Deposit ion Program/National Trends Network (circle) and 6 AIRMoN (t r iangle)
Precipitat ion Chemist ry Monitor ing Sites Used for Development of the Wetfal l Regression Model. Figure 2 also shows
the land segments of the watershed model, which are the smallest spat ial uni ts of atmospher ic deposi t ion est imates

used in the Chesapeake Total Maximum Dai ly Load (Shenk and Linker, this issue).
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Refinements also involved developing a more accu-
rate and comprehensive representat ion of the spat ial
and temporal dist r ibut ion and intensi tyof livestock pro-
duct ion and other agricul tural act ivit ies across the
Chesapeake watershed model domain. An improved
account ing of l ivestock product ion act ivi t ies was
achieved by combining county- and watershed unit-spe-
cif ic livestock production stat ist ics wi th high-resolut ion
(30 m) land use data from the U.S. Geological Survey’s
Nat ional Land Cover Database (NLCD). Est imates of
local ammonia emissions from fer t i l izers and manure
applicat ions to croplands were also assimilated into the
model using USEPA inventor ies and high-resolut ion
NLCD to quant ify emissions from cropland areas l ikely
to be fer t i l ized, although there are significant uncer-
taint ies in the agricul tural ammonia emission invento-
r ies. Last, local ized est imates of NH3 and NOx

emissions for the Chesapeake watershed model domain
and sur rounding states were developed by combining
faci l i ty and county-specif ic emissions repor ts from
USEPA’s Nat ional Emissions Inventory database
with the NLCD classificat ions (Gr imm and Lynch,
2005).

For each day of precipitat ion, wetfal l atmospheric
deposi t ion is est imated by the regression model,
which has the general form:

log10ðcÞ¼b0 þ b1 log10ðpptÞ þ b2s season

þ b3v3 þ . . . þ bnvn þ e

where c is the daily wetfal l ionic concent rat ion (mg/l),
b0 is the intercept, ppt is the dai ly precipi tat ion vol-
ume (inches), b1 is the coeff icient for precipi tat ion
term, season is the vector of five binary indicator
variables encoding the six bimonthly seasons, b2s is
the vector of five coefficients for season terms, and
v3 … vn are addi t ional predictors selected through
stepwise regression of the fol lowing four terms:

1. NLCD.
2. Within proximit ies of 0.8, 1.6, 3.2, 8.0, and

16.1 km of each NADP/NTN site: open water,
forested, resident ial, indust rial/t ransportat ion,
croplands, and vegetated wet lands.

3. Annual emission levels of ammonia and nit rous
oxides from USEPA Nat ional Emission Trends
for:

• County containing each NADP/NTN moni-
tor ing si te

• Four count ies nearest to each NADP/NTN
monitor ing si te

4. Twelve-hour back-t rajectory exposure of precipi-
tat ing ai r-mass to ambient concent rat ions of
t ransported ammonia and ni t rous oxide emis-
sions

b3 … bn are coefficients cor responding to v3 … vn and
e is residual error.

The most significant var iables in both models
included precipi tat ion volume, the number of days
since the last event, seasonali ty, lat i tude, and the
proport ion of land within 8 km covered by forests or
devoted to t ransportat ion and indust ry (Grimm and
Lynch, 2005). Local and regional ammonia and ni t ro-
gen oxides emissions were not as well correlated as
land cover. The abil i t ies of those var iables to predict
wet deposit ion arise pr imar ily from thei r relat ionship
wi th ei ther (1) the spat ial and temporal dist r ibut ion
of emissions of ammonium and nit rate precursors
from sources within or upwind of the Chesapeake
watershed model domain and (2) the chronology and
character ist ics of precipitat ion events. Modeled con-
cent rat ions compared very well wi th event chemist ry
data col lected at six NADP/AIRMoN sites in the
Chesapeake watershed. Wet deposit ion est imates
were also consistent with observed deposit ion at
selected sites.

Volume, durat ion, and frequency of precipi tat ion
events have obvious roles in determining wet deposi-
t ion rates. However, those parameters alone do not
completely descr ibe all the character ist ics of a precip-
i tat ion event. In par t icular, the intersect ion of a pre-
cipi tat ion event and a volume of ai r wi th a part icular
history is est imated by the wet deposi t ion model to
have greater relevance to observat ions at a wet depo-
sit ion monitor than local and regional emissions in
determining wet deposi t ion flux. For this reason, the
interact ions between storm trajector ies and emission
sources were incorporated into the model.

Using metrological data from the Nat ional Center
for Envi ronmental Predict ion’s North Amer ican
Regional Reanalysis (NARR), variables were added to
dai ly ammonium and nit rate wet deposi t ion models
that predict the rate at which emissions from area
and point sources are emit ted, dispersed, and t rans-
por ted to specific deposi t ion locat ions. Surface and
upper level ver t ical and horizontal ai r movement
data from the NARR al lowed estimates of the extent
to which emissions were t ransported and mixed into
surface and upper level atmospheric layers, and
thereby enabled const ruct ion of more realist ic mult i-
level ai r-mass t rajector ies wi th which to predict the
movement of emissions from mult iple source locat ions
to deposi t ion points of interest (Grimm and Lynch,
2000, 2005).

CMAQ Model

The CMAQ Model that was appl ied in this work
was a ful ly developed, one-atmosphere ai r simulat ion
model of the North American cont inent. The CMAQ
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Model has more than 1,000 users worldwide and has
been applied in many count r ies (Byun and Schere,
2006; Dennis et al., 2007; Hameedi et al., 2007). Byun
and Schere (2006) reviewed the governing equat ions,
computat ional algor ithms, of the CMAQ modeling
system, including the simulat ion approach for wet
deposi t ion. A descr ipt ion of the CMAQ dry deposi t ion
simulat ion can be found in Pleim and Ran (2011).

The CMAQ version used in this appl icat ion was
version 4.7.1 using MM5 model output wi th unidi rec-
t ional ammonia simulat ion (Grell et al., 1994). The
mesoscale model MM5 is a ter rain-fol lowing sigma-
coordinate model designed to simulate mesoscale
atmospher ic ci rculat ion. CMAQ simulates deposi t ion
to the Chesapeake watershed (indi rect deposi t ion)
and t idal Bay (di rect deposi t ion) for every hour of
every day for the representat ive year. To calculate
nit rogen deposit ion budgets CMAQ needs to be a one-
atmosphere model incorporat ing: (1) photochemist ry
of ni t rogen oxides (NOx) and volat i le organic
compounds (VOCs) to produce ozone and oxidized
nit rogen products, (2) gas- and aqueous-phase
oxidat ion of sulfur dioxide to create sulfuric acid, (3)
par t icle thermodynamics and physics to t reat ammo-
nia neut ralizat ion of acids that par t i t ion the atmo-
spheric species of ni t rogen between gases (which
rapidly deposi t) and part icles (which slowly deposi t),
and (4) cloud, wet scavenging and aqueous chemist ry
processes for wet deposit ion.

A variety of input fi les are needed that contain
informat ion pertaining to the model ing domain,
which is the ent i re continental U.S., nor thern Mexico,
and southern Canada. They include hour ly emissions
est imates and meteorological data in every gr id cel l
as well as a set of pollutant concent rat ions to ini t ial-
ize the model and to specify concent rat ions along the
modeling domain boundaries. The CMAQ grid cel ls in
this applicat ion are general ly 36-km grid in size
across the U.S., but have a nested finer grid of 12 km
cover ing the Chesapeake ai rshed and watershed. The
init ial and boundary concent rat ions were obtained
from output of a global chemist ry model, GEOS-Chem
(Bey et al., 2001).

The CMAQ Model simulat ion period is for one
year, 2002, character ized as an average deposi t ion
year. The 2002 CMAQ simulat ion year was used to
provide the monthly dry deposi t ion est imate for al l
years of the 1985-2005 simulat ion per iod of the
Chesapeake Bay watershed and t idal estuary models
by adjust ing the load for al l years by assuming the
dry deposit ion t rend to be the same as the linear,
long-term wet t rend in the separate nit rate and
ammonia est imates as descr ibed in more detai l
below. Dry deposi t ion input est imates are der ived
from the CMAQ Model as monthly average inputs
expressed as a dai ly load to watershed model land

segments (USEPA, 1999; Shenk and Linker, this
issue).

A 12-km grid was used to bet ter resolve atmo-
spher ic deposi t ion loads to the watershed and Bay
(Figure 3). The improved spat ial resolut ion of di rect
deposi t ion loads to t idal waters as well as the deposi-
t ion loads to the watershed adjacent to t idal waters
from metropoli tan and mobi le sources was an impor-
tant improvement (STAC, 2007) and allowed bet ter
t racking of the deposi t ion fate of these emissions.

Organic Nit rogen Deposit ion

Organic nit rogen loads are a complex and signifi-
cant source of nit rogen atmospheric deposit ion to the
Chesapeake (Scudlark et al., 1998; Cape et al., 2011).
Est imated loads of atmospher ic organic ni t rogen are
to surface waters of the watershed and Bay only,
because i t is assumed that al l organic ni t rogen is
derived from aeol ian processes, which resul t in no
net change in organic ni t rogen on ter rest r ial surfaces,
but do resul t in a net gain when deposited on water
surfaces. Organic ni t rogen atmospher ic deposit ion
loads are primar ily represented as wetfall only, i.e.,
dissolved organic nit rogen (DON). The magnitude of
dry fal l organic ni t rogen is less well character ized
(Neff et al., 2002). Organic ni t rogen deposi t ion loads
are considered to be uncont rol lable loads, which are
unal tered by any Chesapeake management pract ices
except in the l imited case of peroxyacyl nit rates
(PAN, CH3COOONO2) and an organic ni t rate group
in the CMAQ simulat ion involved in products of NOx

photochemist ry as discussed below. Even though
organic ni t rogen loads are uncont rol lable they are
quant ified as input to water surfaces because they
cont r ibute to the overal l ni t rogen load and eut rophi-
cat ion in the Chesapeake.

Wet fa l l Organ ic N i t rogen Deposi t ion. Organic
ni t rogen measurements from Bermuda (Knap et al.,
1986) are calculated at about 100 l g/l (as N). Mopper
and Zika (1987) repor ted an average DON concent ra-
t ion from the western Atlant ic and Gulf of Mexico of
about 100 l g/l (as N). That is consistent wi th the
repor ted range from the North Sea and northeast
At lant ic of 90-120 l g/l (Scudlark and Church, 1993).
Scudlark et al. (1998) repor t an annual volume
weighted average DON concent rat ion in the Mid-
At lant ic coastal areas to be about 130 l g/l (as N).
Measurements in that study are consistent with the
interannual var iat ion (maximum in spring) repor ted
by Smullen et al. (1982). A later study ident if ied
methodological problems wi th some of the previous
studies and suggests the wet deposi t ion of organic
ni t rogen in the Chesapeake watershed would be
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closer to 50 l g/l on an annual average basis (Keene
et al., 2002). That study also documents the highest
concent rat ions of organic ni t rogen in the spr ing.

The approach CBP has taken is to use 50 l g/l (as
N) as representat ive of an average annual wet deposi-
t ion concent rat ion to the watershed and t idal waters
with the seasonal loading pat tern suggested by Smul-
len et al. (1982) and Scudlark et al. (1998). That
applies an average concent rat ion of 40 l g/l f rom July
to March in rainfall and an average concent rat ion of
80 l g/l f rom Apri l to June. The load of organic ni t ro-
gen would depend on the precipitat ion, but assuming
100 cm of precipi tat ion, the load would be on the
order of 0.45 kg/ha-yr.

D r yfa l l Organ ic N i t rogen Deposi t ion. Other
than measurements of PAN, there are few measure-
ments of dry deposi t ion of organic N (Neff et al.,
2002). The CMAQ simulat ions used in the Chesa-
peake TMDL have updated chemical mechanisms

that include peroxyacyl nit rates (CH3COOONO2) and
an organic ni t rate group (NTR) as products of NOx

photochemist ry. The NTR represents several organic
ni t rates (such as alkyl ni t rate) that are produced
from ozone photochemist ry. Both of these deposi t ion
loads are relat ively small in magnitude, and both are
biologically labi le and avai lable. Therefore, the dryfal l
PAN and NTR are lumped into the oxidized nit rogen
atmospheric deposit ion dryfal l inputs (Dennis et al.,
2007).

Organic and Inorganic Phosphorus Deposit ion

All of the atmospherical ly deposited nut r ient loads
onto the watershed and t idal Bay were quant if ied
because the output of the Chesapeake ai rshed model
was used as input to the watershed and estuar ine
models. The watershed and estuar ine models t racked
all nut r ient input loads in an overal l mass balance,

FIGURE 3. A Por t ion of the 12-km Community Mult iscale Air Qual i ty Model Gr id over the
Chesapeake Bay Basin, and Also Showing Watershed Model Segments (Dennis et al., 2007).
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and the calibrat ion of the watershed and estuarine
models was to observed nut rient species in the
watershed st reams and rivers, and in the t idal Bay,
respect ively. Organic and inorganic phosphorus depo-
si t ion loads are considered to be uncont rollable, and
are unal tered by any Chesapeake management prac-
t ices, but because they cont ribute to the overal l Ches-
apeake phosphorus loads and eut rophicat ion they are
quant if ied as inputs to water surfaces.

Est imated loads of atmospher ic organic and inor-
ganic phosphorus are accounted for as an input to
surface waters of the watershed and t idal Bay on the
assumpt ion that, l ike organic nit rogen, the load is
derived from aeolian processes, which resul t in no
net change in organic nit rogen on ter rest r ial surfaces,
but do resul t in a net gain when deposi ted on water
surfaces. Fol lowing Smullen et al. (1982), loads of
wetfall deposi ted organic and inorganic phosphorus
are from constant concent rat ions of 47 and 16 l g/l,
respect ively, appl ied to the volume of precipi tat ion at
any simulated hour. Seasonally, those loads are t rea-
ted in the same way as organic nit rogen, assuming
that organic phosphorus wi l l fol low a pattern similar
to organic ni t rogen and that an aeol ian source of
inorganic phosphorus could well increase during the
spring due to exposure and t i l lage of bare soi l by
agricultural pract ices. Accordingly, organic and inor-
ganic phosphorus concent rat ions are set at 74 and
25 l g/l, respect ively, from Apr il to June, and at half
those concent rat ions for the other nine months of the
year.

Transport of Indi rect Atmospher ic Deposit ion
Nutr ient Loads to the Chesapeake

The Phase 5.3 Chesapeake Bay Watershed Model
simulates the fate and t ransport of indi rect
watershed atmospheric deposi t ion loads of nit rogen to
the t idal Chesapeake (Linker et al., 2000; Shenk and
Linker, this issue). Phase 5.3 is an applicat ion of the
Hydrologic Simulat ion Program-Fort ran (Bicknell
et al., 2005). The segmentat ion scheme divides the
Chesapeake Bay watershed into more than 1,000 seg-
ments/subbasins, wi th the average size about
166 km2. About 280 monitoring stat ions throughout
the Chesapeake Bay watershed were used for calibra-
t ion of hydrology, whereas approximately 200 moni-
tor ing stat ions were used to calibrate water quali ty,
depending on the const ituent being cal ibrated.

The Bay Watershed Model simulates the 21-year
period (1985-2005) on a 1-h t ime step (USEPA,
2010c). Nut rient input loads from atmospher ic deposi-
t ion are daily. Nut r ient input loads from fer t i lizers
and manures are based on an annual mass balance of
U.S. Census of Agr icul ture est imated animal popula-

t ions and crops, records of fer t i l izer sales, and other
data sources, which are compiled and input to the
model as an annual t ime series of discont inuous
inputs based on the est imated t iming of agr icultural
f ield operat ions of plant ing, crop maintenance, and
harvest. Best Management Pract ices (BMPs) are
incorporated on an annual t ime step and nut rient
and sediment reduct ion efficiencies are varied by the
size of storms (Shenk and Linker, this issue). Munici-
pal and indust r ial wastewater t reatment and dis-
charging faci l i t ies and onsi te wastewater t reatment
systems’ ni t rogen, phosphorus, and sediment cont r i-
but ions are also included in the Bay Watershed
Model (USEPA, 2010d).

Combining the Regression Model of Wetfal l
Deposit ion and CMAQ — The Chesapeake Ai rshed
Model

The ai rshed model is the combinat ion of the
regression model of wet deposi t ion and CMAQ est i-
mates of dry deposi t ion. The 21-year t ime ser ies of
dai ly wet deposi t ion atmospher ic deposit ion loads
were developed using the wet deposi t ion regression
model of daily inputs. The daily est imated wet deposi-
t ion loads were input into the Phase 5.3 Chesapeake
Bay Watershed Model into al iquots for each hour of
precipi tat ion forming a time series which provided
the best loading est imates avai lable on the hour ly
t ime step of the Phase 5.3 Model. The hour ly input
loads were part icular ly useful for simulat ing storm
loads, which is important because high precipi tat ion
events are coincident with high nut r ient loads. Get-
t ing the loading cor rect at an hourly t ime step pro-
vided the best calibrat ion of nut rient species wi th
observat ions.

The component of dry deposi t ion in the ai rshed
model was monthly est imates of the 2002 CMAQ
average year and was adjusted for al l years by
assuming the dry deposi t ion t rend to be the same as
the linear, long-term wet t rend in the separate
ni t rate and ammonium est imates. This approach is
based on a compar ison of the seasonal t rends in ai r
concent rat ions, which drive dry deposit ion, in the
Clean Air Status and Trends Network (CASTNET)
data wi th the cor responding seasonal t rends in wet
deposi t ion in NADP/NTN data. The CASTNET is a
nat ional ai r quali ty monitor ing network designed to
provide data to assess t rends in ai r quali ty and atmo-
spher ic deposit ion and provides both wet and dry
observat ions. The data show that the long-term
t rends are comparable, and that the interannual vari-
abil i ty in ai r concent rat ions is small, less than 10%,
even though the interannual var iabil i ty in wet depo-
sit ion can be more than 50%.
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Combining the daily t ime ser ies of wet deposi t ion
from the regression model and the monthly t ime ser-
ies of dry deposi t ion from CMAQ provided the means
to generate atmospheric deposi t ion nut rient loads to
the Chesapeake watershed and t idal Bay consistent
with the long-term t rends, as well as the day to day
variat ion in loads due to wet deposit ion.

Coastal Ocean Loads of Nit rogen Deposit ion

The CMAQ Model domain extending out into the
At lant ic Ocean provides est imates of atmospheric
deposi t ion loads to the coastal ocean at the mouth of
the Chesapeake Bay. Coastal ocean nut rient budgets
have been made (Howarth et al., 1995; Howarth,
1998; Fennel et al., 2006). Howarth (1998) repor ted
that atmospher ic deposi t ion loads are roughly
equivalent to watershed loads in the northeast U.S.
(Maine to Virginia) and est imated that the
watershed inputs of ni t rogen to the nor theast coastal
waters to be 0.27 teragrams. Inputs from direct
atmospher ic deposi t ion to coastal waters were est i-
mated to be 0.21 teragrams, and inputs from deep
ocean upwel l ing est imated to be 1.54 teragrams, for
a total input to the coastal ocean of 2.02 teragrams
(Howarth, 1998).

The CMAQ est imates of atmospheric deposi t ion to
the coastal ocean region affect ing ni t rogen loads
through the ocean boundary was determined by
boundar ies that cor respond to the proximate region
of the coastal ocean exchanging waters wi th the
Chesapeake Bay. The boundary is adjacent to the
At lant ic shore, and is inside, or west, of the Gulf
St ream. To account for the prevai l ing nor th to south
cur rent along the coast, the coastal ocean boundary
includes more of the coastal waters nor th of the Ches-
apeake Bay mouth (USEPA, 2010b).

Atmospheric deposi t ion total ni t rogen loads to the
coastal ocean are est imated to be about 6.63 kg/ha in
the CMAQ 2002 average year. That cor relates to
43.8 mil l ion kg of total ni t rogen deposi t ion to a
region of the ocean estimated to exchange waters
with the Chesapeake. In the case of the 2020 Maxi-
mum Feasible scenario, the nit rogen atmospheric
deposi t ion to the same region is est imated to be
29.4 mil l ion kg, a reduct ion of 32%. If that same
reduct ion is ext rapolated to the coastal ocean, the
di rect atmospher ic inputs to the coastal ocean would
decrease to 0.14 teragram. Assuming the watershed
loads discharged to the ocean and the deep upwell ing
pelagic loads are constant, that would give a com-
bined watershed, di rect deposi t ion, and uncont rol la-
ble deep upwell ing load of 1.95 teragrams, a decrease
of 3% relat ive to the est imated cur rent ocean bound-
ary condit ion. This approach was used to est imate

the relat ive change in ocean boundary condit ions for
the six key CMAQ scenarios (USEPA, 2010b).

The ocean loads of nit rogen are unquant ified in
the Chesapeake TMDL because they are most ly
uncont rol lable, but they are significant because they
cont ribute to Chesapeake eut rophic condi t ions and
account for about a quarter of the overall total ni t ro-
gen loads coming from all sources including the
watershed and airshed (Thomann et al., 1994).

RESULTS

Atmospheric loads of nit rogen are from chemical
species of oxidized nit rogen, also called NOY and
includes the mononit rogen oxides NO and NO2 (NOx)
and compounds resul t ing from the oxidat ion of NOx

l ike ni t r ic acid, and from reduced forms of ni t rogen.
Reduced atmospheric ni t rogen is in the form of
ammonia (NH3) and ammonium (NH4

+). Oxidized
forms of ni t rogen deposi t ion or iginate from condit ions
of high heat and pressure and are formed from bio-
logical ly iner t diatomic atmospher ic nit rogen (N2).
The principal sources of NOx are indust r ial ly sized
boi lers, such as elect r ic power plants (stat ionary
sources), and the internal combust ion engines in cars,
t rucks, locomot ives, ai rplanes, and the like (mobile
sources). Ammonia deposit ion or iginates from largely
agr icultural sources, predominately manures but also
volat i l izat ion of ammonia from fer t i lizers. All ni t ro-
gen loads from oxidized and reduced ni t rogen atmo-
spher ic deposi t ion are est imated (using the CMAQ
36-km grid, see below for detai ls) to be about 49%
from sources in the watershed states and 51% from
sources beyond the watershed (USEPA, 2010b).

Chesapeake Atmospher ic Oxidized Inorganic Nit rogen
Deposit ion Trends

Fert i l izer and manure loads are est imated from
the Agricultural Census at five-year intervals over
the 1985-2005 simulat ion period in (USEPA, 2010e;
Shenk and Linker, this issue) and are shown in
Figure 4. Over the 1985-2005 simulat ion, average
ni t rogen atmospher ic deposit ion levels to the Chesa-
peake watershed have been declining, par t icularly for
oxidized ni t rogen (Figure 5). The atmospher ic deposi-
t ion loads are among the highest sources of nit rogen
loads in the watershed but also have the highest rate
of reduct ion from 1985 to the present (L inker et al.,
2008).

During the 1985 and 2005 simulat ion period, wet
atmospheric deposi t ion loads of ni t rate have tended
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to decrease overall in the Chesapeake watershed.
Over that 20-year period, wet deposi t ion nit rate loads
decreased by about 30% (Figure 5); however, there is
considerable variabi l i ty across the Chesapeake
watershed with the greatest reduct ions occur r ing in
the northern and western por t ions. The reduct ions
are in par t due to the constant downward regulatory

pressure on elect r ic generat ing units (EGUs) over the
1985-2005 period and the high concent rat ion of EGUs
upwind of the western and northern por t ions of the
Chesapeake watershed as wel l as reduct ions in
mobile sources.

In Figure 5, the average annual concent rat ion of
wetfal l nit rate, ammonia, and dissolved inorganic

FIGURE 4. Time Ser ies of Est imated Atmospher ic, Fer t i l izer, Manure, and
Point Source Total Nit rogen Input Loads to the Chesapeake Bay.

FIGURE 5. Trend of Est imated Average Nitrate and Ammonia Deposit ion Concentrat ions to the
Chesapeake Watershed. Dissolved inorganic nit rogen (DIN) is the sum of ni trate and ammonia.
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nit rogen (DIN) is used as an adjustment to smooth
out the effects of high and low rainfal l years, which
int roduce substant ial shor t-term var iat ion in deposi-
t ion load to the watershed primari ly because of the
volume of precipi tat ion. Use of wetfal l nit rate, ammo-
nia, and DIN concent rat ions, rather than the mass of
nit rogen deposi t ion load, provides a reasonable est i-
mate of the overal l t rend in atmospheric deposit ion.

Table 1 shows the estimated port ion of deposi ted
NOx loads on the Chesapeake watershed from four
sectors including EGUs, mobi le sources, indust ry, and
al l other sources. Much of the NOx reduct ion between
1990 and 2020 is est imated to be due to reduct ions in
EGUs. In addit ion, both on-road and off-road mobi le
sources will have ongoing fleet turnover and replace-
ment, which is put t ing cleaner spark and diesel
engines in service, and that is expected to cont inue
beyond 2030. Note that some sources l ike mobile
sources seem to be increasing in percentage relat ive
to other sources l ike EGUs. Mobile sources and
“other” are actually decreasing, and the total est imate
deposi t ion load in 2020 is less than that in 1990; how-
ever, EGU emission reduct ions are relat ively more
than mobile reduct ions. Total deposi ted NOx loads to
the Chesapeake watershed are est imated to be
248 mil l ion kg in 1990 and 145 mil l ion kg in 2020. In
2020, di rect deposi t ion to t idal waters is est imated to
be 3.5 mil l ion kg of NOx or about 2% of the NOx depo-
si t ion load to the watershed.

The Chesapeake ai rshed is that area where an
est imated 75% of the deposi t ion loads to the Chesa-
peake watershed and Bay originate from. Close to
50% of the NOx deposi t ion to the Chesapeake
watershed and tidal waters is est imated to be from
air emission sources located in the six Chesapeake
states of Vi rginia, Maryland, Pennsylvania, West
Vi rginia, Delaware, and New York. The CMAQ Model
est imates another 25% of NOx deposi t ion comes from
an area adjacent and most ly west of the Chesapeake
watershed which has an area of 1.48 mil l ion km2

(USEPA, 2010c). This area is also called the Chesa-
peake ai rshed. The remaining 25% of NOx deposi t ion
is f rom sources beyond the ai rshed. The ammonia ai r-
shed is similar to the NOx airshed, but sl ight ly smal-
ler because of shor ter range t ransport of ammonia.

Chesapeake Atmospher ic Reduced Inorganic Nit rogen
Deposit ion Trends

Est imated annual average ammonia loads over the
ent i re watershed and t idal Bay have no t rend over
the 1985-2005 simulat ion period (Figure 5: NH3, x
symbol). Ammonia deposi t ion is relat ively si te specific
and st rongly influenced by local emissions. Local and
regional t rends in manure, such as, the rise of poul-
t ry animal uni ts in the Eastern Shore and Shenan-
doah and dairy’s diminishment in the northern
por t ions of the watershed in the late 1980s, affect
regional ammonia deposi t ion in the Chesapeake
watershed, leading to increases in ammonia deposi-
t ion loads on the Eastern Shore and Shenandoah and
decreases in the upper por t ions of the watershed over
the 1985-2005 simulat ion period of the ai rshed model.
The regional t rends are not shown due to ar t icle size
const raints.

CMAQ Scenar ios

The CMAQ Model provides est imates of nit rogen
deposi t ion resul t ing from changes in emissions from
ut i l i ty, mobile, and indust rial sources due to manage-
ment act ions or growth. For the CMAQ Model, the
CMAQ 2002 average year is used, and scenarios
include the management act ions requi red by the
Clean Air Act in 2010, 2020, and 2030. The future
year scenarios reflect emissions reductions from
nat ional cont rol programs for both stat ionary and
mobile sources, including the following:

1. Clean Air Interstate Rule
2. Tier-2 Vehicle Rule
3. Non-road Engine Rule
4. Heavy-Duty Diesel Engine Rule
5. Locomot ive/Mar ine Engine Rule

Appl icat ion of t he CMAQ Scenar ios to the
Watershed and Estuar y Models. To develop a
watershed and estuary model scenar io using one of
the CMAQ Model ai r scenarios descr ibed below,
a monthly factor is determined from the CMAQ
scenario by comparing the CMAQ scenar io wet and
dry, oxidized, and reduced, atmospher ic deposi t ion
loads to the CMAQ 2002 Base year. The monthly
rat io of the CMAQ scenar io to the CMAQ 2002 Base

TABLE 1. Est imated Por t ion of Deposi ted NOx Loads on the Ches-
apeake Watershed from Four Sectors Including Elect r ic Generat ing
Units (EGUs), Mobile Sources, Indust ry, and Al l Other Sources in
1990 and 2020. Total annual deposi ted NOx loads to the Chesa-
peake watershed are est imated to be 248 mil l ion kg in 1990 and
145 mil l ion kg in 2020.

1990
2020

P rel im i nar y

Power plants (EGUs) 40% (100) 17% (25)
Mobi le sources (on-road) 30% (75) 32% (46)
Indust ry 8% (20) 20% (29)
Other (off-road-const ruct ion,

resident ial, and commercial)
21% (53) 31% (45)

Total (248) (145)

Note: Units of percent and mil l ions of ki lograms in parentheses.
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year wet, dry, oxidized, and reduced deposi t ion loads
are then used to adjust the base atmospher ic deposi-
t ion loads of wet, dry, oxidized, and reduced deposi-
t ion in the watershed and estuary models.

CMAQ 1985 and 2002 Scenar ios. The CMAQ
1985 and 2002 scenar ios represent est imated atmo-
spheric deposi t ion pat terns and levels based on est i-
mates of the wet deposi t ion regression model for 1985
and 2002, respect ively.

CMAQ 2010 Scenar io. The 2010 Scenar io repre-
sents emission reduct ions because of regulat ions
implemented through the Clean Air Act authori ty to
meet Nat ional Ambient Ai r Quali ty Standards (NA-
AQS) for cr i ter ia pol lutants in 2010. That includes
Nat ional/Regional and available State Implementa-
t ion Plans (SIPs) for NOx reduct ions. Other compo-
nents of the 2010 Scenario include Tier 1 vehicle
emission standards reaching high penet rat ion in the
vehicle fleet for on-road, l ight-duty mobile sources
along with Tier 2 vehicle emission standards, which
were ful ly phased in by the 2006 model year. For
EGUs, the 2010 cont rols assume that the NOx Budget
Trading Program (including the NOx SIP cal l) and
the Clean Air Interstate Rule (CAIR) program that
regulates the ozone season NOx are all in place and
that the CAIR program is designed for annual NOx

reduct ions to match the ozone season reductions
under the 2010 CAIR fi rst phase condit ions (the sce-
nar io used the 1997 ozone standard of 80 ppb).

CMAQ 2020 Scena r io — The Al locat ion A i r
Scenar io. The 2020 Scenario was used to establ ish
the est imated nit rogen deposi t ion reduct ions from air
cont rols in the Chesapeake TMDL. I t has all compo-
nents of the 2010 Scenario and includes the Clean
Air Mercury Rule (CAMR), the Best Available Retro-
fi t Technology (BART) used for reducing regional
haze, and the off-road diesel and heavy-duty diesel
regulat ions. The 2020 Scenar io represents emission
reduct ions due to regulat ions implemented through
the Clean Air Act author ity to meet NAAQS for cri te-
r ia pollutants in 2020 (NAAQS 1997 8-h ozone
NAAQS set at 80 ppb). Those include the fol lowing:

1. On-Road Mobi le Sources: For on-road light-duty
mobi le sources, this includes Tier 2 vehicle
emissions standards and the Gasol ine Sulfur
Program that affects spor t ut i l i ty vehicles, pick-
ups, and vans, which are now subject to same
nat ional emission standards as cars.

2. On-Road Heavy-Duty Diesel Rule — Tier 4: New
emission standards on diesel engines star t ing
with the 2010 model year for NOx, plus some
diesel engine ret rofi ts.

3. Clean Ai r Non-Road Diesel Rule: Off-road diesel
engine vehicle rule, commercial marine diesels,
and locomot ive diesels (phased in by 2014)
requi re cont rols on new engines.

4. Off-Road Large Spark Ignit ion Engine Rules:
Rules that affect recreat ional vehicles (marine
and land based in coordinat ion with earl ier NOx

SIP cal l and Tit le IV annual NOx emissions pro-
gram).

5. EGUs: CAIR second phase in place (in coordina-
t ion with earl ier NOx SIP call); Regional Haze
Rule and guidelines for BART for reducing
regional haze; CAMR all in place.

6. Non-EGUs: Solid Waste Rules (Hospital/Medical
Waste Incinerator Regulat ions).

CMAQ 2020 Max imum Feasib le Scenar io. The
2020 Maximum Feasible Scenario includes addi t ional
aggressive EGU, indust ry, and mobile source cont rols
wi th emissions project ions that represented incre-
mental improvements and cont rol opt ions that might
be avai lable to states to meet a more st r ingent ozone
standard of 70 ppb.

Incremental cont rol measures for five sectors were
developed:

1. EGUs: Lower ozone season nested emission caps
in Ozone Transport Commission (OTC) states;
target ing use of maximum controls for coal-fi red
power plants in or near nonat tainment areas.

2. Non-EGU Point Sources: Include new supple-
mental cont rols, such as low NOx burners, plus
increased cont rol measure efficiencies on
planned cont rols and step up of cont rols to max-
imum efficiency measures, e.g., replacing Selec-
t ive Non-Catalyt ic Reduct ion wi th Select ive
Catalyt ic Reduct ion cont rol technology.

3. Area (Nonpoint Area) Sources: Widespread
swi tching to natural gas and low sulfur fuel.

4. On-Road Mobi le Sources: Increased penet rat ion
of diesel ret rofi ts and cont inuous inspect ion and
maintenance using remote onboard diagnost ic
systems.

5. Non-Road Mobi le Sources: Increased penet ra-
t ion of diesel ret rofi ts and engine rebuilds.

6. Mar ine Vessels: Reduced NOx emissions from
mar ine vessels in coastal shipping lanes.

The 2020 Maximum Feasible Scenar io also
includes a reduct ion in ammonia deposit ion of 15%
from estimated ammonia emission programs in the
Bay watershed jur isdict ions. Est imates of up to
about 30% ammonia emission reduct ions from man-
ures can be achieved through rapid incorporat ion
of manures into soi ls at the t ime of appl icat ion, bio-
fi l ters on poult ry houses, and other management
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pract ices (Mark Dubin, 2009, personal communica-
t ion). From a state and sector analysis of NOx emis-
sions and deposi t ion, an est imated 50% of emissions
from Bay states becomes deposit ion to the Chesa-
peake Bay watershed, along with a fur ther 50% of
the ammonia deposit ion load coming from outside
the Bay watershed. Assuming that only 50% of the
emissions are from watershed sources, a 30% reduc-
t ion in emissions resul ts in an est imated 15%
decrease in wet and dry ammonia deposi t ion for the
Maximum Feasible Scenar io from ammonia emission
cont rol management pract ices in the Bay watershed
jur isdict ions.

CMAQ 2030 Scenar io. The 2030 scenario is, in
some areas, a fur ther decrease in emissions beyond
the 2020 Maximum Feasible Scenario due to cont in-
uing fleet replacement of heavy diesels, off-road
diesels, and mobile sources of al l types. These emis-
sion decreases are offset by cont inued growth in the
Chesapeake Bay region. The emissions project ions
assume cont inued st r ingent cont rols are in place,
such as:

1. Tier 2 Vehicle Emissions Standards: Tier 2 ful ly
penet rated in the fleet.

2. Heavy-Duty Diesel Vehicle Fleet: Fleet ful ly
replaced with newer heavy-duty vehicles that
comply with new standards.

3. On-Road Mobi le Sources: Increased penet rat ion
of diesel ret rofi ts maintained.

4. Non-Road Mobi le Sources: Capped at 2020 Max-
imum Feasible Scenario levels.

5. EGUs and Non-EGUs emissions: Capped at
2020 Maximum Feasible Scenario levels.

6. Area Sources: Emissions capped at 2020 Maxi-
mum Feasible Scenario levels, assuming energy
efficiency and cont rol efficiencies keep up wi th
growth.

7. Mar ine Vessels: Fur ther reduct ions in NOx emis-
sions from marine vessels in coastal shipping
lanes.

Scenar io Resu l ts. In determining the allowable
loading from air deposi t ion, the nit rogen deposi t ion
was separated into two discrete parcels. The fi rst is
deposi t ion occurr ing on the land and nont idal waters
which is subsequently t ransported to the Bay, also
cal led indi rect deposit ion. The second is atmospher ic
deposi t ion occur r ing di rect ly onto the Bay’s t idal sur-
face waters, also cal led di rect deposi t ion. Tables 2
and 3 show the indi rect del ivered nit rogen loads to
the Chesapeake Bay from the watershed and the
di rect del ivered loads to the t idal Bay, respect ively.

Annual ni t rogen loads delivered to the Chesapeake
Bay by jurisdict ion for key CMAQ scenarios are tabu-
lated in Table 2 in mil l ions of ki lograms. The est i-
mated loads delivered to the t idal waters in Table 2
are the simulated ai rshed model deposi t ion loads of
ni t rogen which are then input into the Phase 5.3
Watershed Model to t rack the fate and t ransport of
ni t rogen on the land and in the rivers before del ivery
to the Chesapeake (Linker et al., 2008; Shenk and
Linker, this issue). The Phase 5.3 Model simulates
plant uptake of ni t rogen, denit r ificat ion, and other
at tenuation of the deposi t ion loads on an hourly t ime
step (USEPA, 2010f, g).

To provide a common basis of comparison all the
scenarios in Table 2 use the 2002 scenario as a base
year in the Phase 5.3 Model. All nonatmospher ic
ni t rogen loads, such as point sources, human and
animal populat ions, and septic system loads in the
Phase 5.3 Watershed Model are the same 2002 levels
in al l these scenar ios; only the level of atmospher ic
deposi t ion changes. The 1985 CMAQ scenario uses
the t rend of atmospher ic deposit ion descr ibed in Fig-
ure 5, and the same t rend was used for the 2002
atmospheric deposi t ion in the 2002 scenar io. The

TABLE 2. Total Nit rogen Delivered to the Bay Under Key Community Mult iscale Air Quali ty (CMAQ) Atmospher ic Deposit ion
Scenar ios Appl ied to a 2002 Base Condit ion of Land Use, Best Management Pract ices, and Point Source Discharges Showing

the Relat ive Effect of Changing Only Atmospher ic Deposit ion Loads to the Watershed on Total Loads from All Sources.

Basins
CMAQ 1985
Scena r io

CMAQ 2002
Scenar io

CMAQ 2010
Scenar io

CMAQ 2020
Scenar io

CMAQ 2020 Max imum
Feasib le Scenar io

CMAQ 2030
Scenar io

Susquehanna 72.8 67.2 64.1 62.9 62.4 63.2
West Shore 7.1 6.9 6.8 6.8 6.8 6.8
Potomac 34.9 32.7 31.5 31.0 30.8 31.1
Patuxent 2.2 2.0 2.0 2.0 2.0 2.0
Rappahannock 5.0 4.4 4.5 4.4 4.4 4.4
James 17.2 16.6 16.1 16.0 15.9 15.9
York 4.2 4.0 3.9 3.8 3.8 3.8
East Shore MD-DE 14.3 13.5 13.2 13.2 13.2 13.5
East Shore VA 1.4 1.3 1.3 1.3 1.3 1.3
Total 159.1 148.8 143.6 141.4 140.5 142.0

Note: Units in mil l ions of ki lograms per annum as N; Phase 5.2 — August 2009 Watershed Model Version.
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scenarios of 2010, 2020, 2020 Maximum Feasible, and
2030 used est imated atmospheric deposi t ion loads
from the CMAQ model. For the est imated Table 2
indi rect loads from the watershed, only total ni t rogen
is tabulated because ni t rogen t ranspor t and dynamics
change the or iginal nit rogen deposi t ion speciat ion.

The regression and CMAQ models provide est i-
mates of di rect atmospheric deposi t ion to the Bay’s
t idal surface waters. Table 3 lists the est imates of
di rect atmospheric deposit ion to the Bay’s t idal sur-
faces for six key scenarios and tabulates the ful l
speciat ion of nit rogen and phosphorus loads.

The Clean Air Act (CAA) regulat ions and rules as
represented in the 2020 CMAQ Scenario, also cal led
the Allocat ion Air Scenario, are assumed to be in
place in 2020 reducing 11.8 mil l ion kg of ni t rogen
delivered to the Bay as compared to the model est i-
mated 1985 condit ions (scenarios to calculate this
resul t are not shown in Table 2). The model est i-
mated reduct ion in nit rogen di rect ly deposited to
Chesapeake t idal waters by the 2020 Al locat ion Air
Scenario is 4.7 mil l ion kg compared to the 1985
model est imated condi t ions.

The largest reduct ion in total ni t rogen deposit ion
is from the 2020 Maximum Feasible Scenario which
expands nit rate reduct ions from the 2020 Scenar io as
wel l as applying a 15% reduction in ammonia emis-
sions and deposi t ion. The 15% reduct ion in emission
was assumed to be from improved management of
ammonia emissions from manures. The 2030 Scenar io
has decreased nit rate deposit ion because of cont in-
uing fleet replacement of heavy diesels, off-road
diesels, and of mobile sources of al l types as com-
pared to the 2020 Scenar io. Nevertheless, the emis-
sion decreases in the 2030 Scenario are offset by
continued growth in the Chesapeake region part icu-
larly in the increase in ammonia emissions compared
to the 2020 Scenar io est imates.

All of the scenarios in Tables 2 and 3, including
the 2020 CMAQ Allocat ion Air, 2020 Maximum Fea-
sible, and 2030 CMAQ scenar ios are est imated to
achieve widespread, but incomplete achievement of
the NAAQS, and the 2020 and 2030 Scenarios have a
few moni toring stat ions est imated to be in nonat tain-
ment for the 1997 ozone standard. More tai lored SIPs
now in development could address the few remaining
areas of ozone standard nonachievement.

Chesapeake TMDL Ai r Al locat ion

Atmospher ic deposit ion of ni t rogen is a major
source of nit rogen to the Chesapeake Bay watershed.
For that reason, i t was necessary to al locate an allow-
able loading of nit rogen from air deposi t ion in the
Chesapeake Bay TMDL. In determining the amount
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of ai r cont rols to be used as a basis for the Bay
TMDL air al locat ion, the project ion of the cur rent
laws and regulat ions under the Clean Air Act to 2020
was used and the 2020 Scenario was chosen by the
by the CBP as the Allocat ion Air Scenar io.

The 2020 CMAQ Scenar io, or the Allocat ion Air
Scenario, was used to set the TMDL air al locat ion in
the t idal Bay. The Al locat ion Air Scenario was also
used to develop the expected future reduct ions in
atmospher ic deposi t ion loads to the watershed.
Reduced atmospher ic deposit ion loads to the
watershed, and subsequent ly del ivered to the Bay,
are load reductions t racked in the CBP CMAQ and
watershed models. I f there are any nat ional, regional,
or state reduct ions beyond the 2020 Al locat ion Air
Scenario, they can be quant ified in future versions of
the 2020 Allocat ion Air Scenario so that as these new
air deposi t ion reduct ions are implemented nit rogen
reduct ions in the state Watershed Implementat ion
Plans (WIPs) become more easily at tained, and the
WIP point or nonpoint source cont rols can be eased
by the same amount that the loads fal l below the
2020 Allocat ion Scenario (as delivered nit rogen loads
to the Bay).

Methods have been developed and supported by
model simulat ions to allow exchanges between air
cont rols and more t radi t ional point and nonpoint
source watershed management cont rols of ni t rogen
which wil l be described in a subsequent ar t icle.

SUMMARY AND CONCLUSIONS

TMDL Al locat ion of Atmospher ic Deposit ion of
Nit rogen to the Watershed

The integrated models al low t racking of the t rans-
por t and fate of ni t rogen ai r emissions, including
deposi t ion in the Chesapeake watershed, the subse-
quent uptake, t ransformation, and t ranspor t to Bay
t idal waters, and thei r ul t imate influence on Chesa-
peake water quali ty. Key findings are that the atmo-
spheric deposit ion loads are among the largest input
loads of ni t rogen in the watershed and that the indi-
rect nit rogen deposit ion loads to the watershed, which
are subsequent ly del ivered to the Bay, are larger than
the di rect loads of atmospheric nit rogen deposit ion to
Chesapeake tidal waters. The deposi t ion on the land
becomes part of the al located load to the jur isdict ions
because the atmospher ic deposit ion on the land
becomes mixed with the nit rogen loadings from land-
based sources and, therefore, becomes indist inguish-
able from land-based sources. Fur thermore, once the
nit rogen is deposi ted on the land, it would be man-

aged and cont rol led along wi th other sources of ni t ro-
gen that are present on that parcel of land.

The CAA regulat ions and rules as represented in
the 2020 CMAQ Scenar io, also cal led the Allocat ion
Air Scenar io, are assumed to be in place in 2020
reducing 11.8 mil l ion kg of annual total nit rogen load
delivered to the Bay from the watershed as compared
to the model est imated 1985 condi t ions. This al lows
the Bay watershed jur isdict ions final ize and imple-
ment thei r WIPs to reduce ni t rogen loads fur ther with
land-based BMPs in order to achieve the allocat ion
loads.

TMDL Al locat ion of Atmospher ic Deposit ion of
Nit rogen to the Tidal Waters

Nit rogen deposi t ion di rect ly to the Bay’s t idal
surface waters is a di rect loading with no land-based
management cont rols and, therefore, is linked
di rect ly back to the ai r emission sources and air emis-
sion cont rols as USEPA’s al locat ion of atmospher ic
ni t rogen deposi t ion.

In determining the amount of emission cont rols to
be used as a basis for the ai r allocat ion, USEPA
relied on cur rent laws and regulat ions under the
Clean Ai r Act. These requi rements, together with
nat ional ai r model ing analysis, provided the result ing
allocated load to ai r from direct deposi t ion to the t idal
waters of the Bay and its t idal t r ibutar ies. The model
est imated reduct ion in ni t rogen di rect ly deposi ted to
Chesapeake t idal waters by the 2020 Allocat ion Air
Scenar io is 4.7 mil l ion kg compared to the 1985
model est imated condi t ions.

The 2010 Chesapeake TMDL included an explicit
ni t rogen allocat ion, which was determined to be
7.1 mill ion kg per annum of total nit rogen atmo-
spher ic deposit ion loads di rect to Chesapeake Bay
and tidal t r ibutary surface waters and was based on
the 2020 CMAQ Scenario, also called the Air Al loca-
t ion Scenario. The loading cap of 7.1 mil l ion kg of
di rect atmospheric deposit ion to Chesapeake Bay and
t idal t r ibutary surface waters wil l be achieved
through the Clean Air Act author ity to meet NAAQS
for cr i ter ia pollutants in 2020. Projected reductions in
atmospheric deposi t ion loads to the surrounding
watershed over this same period are al ready
accounted for within the individual jur isdict ion and
major river basin nit rogen load al locat ions. Any addi-
t ional nit rogen reduct ions realized through more
st ringent ai r pol lut ion cont rols at the jurisdict ion
level, beyond minimum federal requi rements to meet
ai r quali ty standards may be credited to the individ-
ual jur isdict ions through future revisions to the jur is-
dict ions’ WIPs, two-year milestones, and the Bay
TMDL t racking and account ing framework.
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The atmospheric deposi t ion loads are among the
largest input loads of ni t rogen in the watershed. The
indi rect ni t rogen deposi t ion loads to the watershed
are larger than the di rect loads of atmospheric ni t ro-
gen deposit ion to Chesapeake t idal waters by about a
factor of 20, however, most of the watershed atmo-
spheric nit rogen deposit ion loads are at tenuated by
plant uptake, deni t r ificat ion, and other loss mecha-
nisms. About half the atmospher ic deposi t ion loads of
nit rogen or iginate from outside the Chesapeake
watershed. The Maximum Feasible and 2030 scenar-
ios demonst rate that addit ional reduct ions in atmo-
spheric deposi t ion of ni t rogen are possible, either by
cont rol l ing manure ammonia emissions, as in the
Maximum Feasible Scenario, or in increased fleet pen-
et rat ion of mobi le reduct ions, as in the 2030 Scenar io.
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